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Abstract
Here we study the equilibrium molecular exchange kinetics of a systematic series
of amphiphilic n-alkyl -poly(ethylene oxide) (Cn − PEO) micelles containing partly
crystallized cores. Using differential scanning calorimetry (DSC), we determined the
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melting transition and extracted the enthalpy of fusion, ∆Hfus, of the n-alkyl chains
inside the micellar core. Molecular exchange kinetics was measured below the melting
point using a time-resolved small-angle neutron scattering technique (TR-SANS) based
on mixing deuterated and proteated but otherwise identical micelles. Comparing both
kinetic and thermodynamic data, we find that crystallinity within the micellar cores
leads to significant enthalpic and the entropic contributions to the activation barrier
for molecular exchange. While the former leads to an enhanced stability, the positive
entropic gain favours the process. Interestingly, the entropic term contains an excess
term beyond what is expected from the measured entropy of fusion. Based on calcu-
lations using the Rotational Isomeric State (RIS) model, we suggest that the excess
entropy is due to the gain in conformational entropy upon releasing the chain from the
confined state in the core. The study thus provides deep insight into the fundamental
processes of micellar kinetics and which might be relevant also to other semi-crystalline
soft matter and biological systems including lipid membranes.
2
Micellar aggregates attain their thermodynamic equilibrium via molecular exchange pro-
cesses. Exchange kinetics in surfactant1 or block copolymer micelles2 has been well-understood
as a thermally activated first order kinetic process characterized by a single activation en-
ergy, Ea associated with unfavorable contacts between the insoluble block and solvent.
3,4
Depending on the conformation of the insoluble block the surface free energy scales with
the degree of polymerization Ncore: Ea ∝ γ Nβcore 4,5 where γ is the interfacial tension. The
scaling exponent, β, takes values between 2/3 ≤ β ≤ 1 depending on the conformation of
the chain during the expulsion process (collapsed or elongated, respectively). In this picture,
the mobility of the chain segment within the core is usually considered to be equal to that
in a melt.
Time-resolved small-angle neutron scattering (TR-SANS) technique in combination with
a kinetic zero average contrast (KZAC) scheme is a powerful technique to monitor the molec-
ular exchange processes in-situ.2,6 In agreement with theory, the experiments showed that
the chain exchange kinetics is essentially governed by single chain (unimer) exchange, which
was also found for phosphoplipid bilayers.7 The investigations revealed that the exchange
kinetics in dilute solution is concentration independent, i.e. it is governed by the expul-
sion rate constant, which is critically dependent on the interfacial tension,8 temperature,9
molecular weight10,11 and the core-block polydispersity.10 In systems with large interfacial
tensions (i.e. water), the exchange kinetics is ”frozen”.9,12 The polydispersity gives rise to
an extremely broad distribution of rate constants.10 These experimental results suggest that
the exchange process can be quite well understood as a non-cooperative, activated (self-)
diffusion. For molecules with a tendency to crystallize, however, it is less clear how chain
packing within the core would affect the molecular exchange processes.
Crystallization in micellar systems has indeed been shown to play a significant role
in controlling and even driving the self-assembly process in many micellar13–16 and other
self-assembled systems.17–19 The influence of crystallization on the exchange kinetics is less
known. However it is generally believed that a crystalline core would increase the stability
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of aggregates by increasing the residence time of the molecules within the micelles.17,20 In
a study by Tirrell and co-workers on PEGylated phospholipids,17 it was found that the ac-
tivation energy for monomer desorption contained a significant enthalpic contribution that
could be associated with an ordered ”glassy” n-alkyl, C18, chain packing inside the micellar
core.
In this work we systematically analyze the effect of crystallization on the molecular ex-
change in a series of very well defined poly(ethylene oxide) – mono – n-alkyl ether (Cn−PEO5)
in water. In a previous study,21 we showed that the micellar cores behave essentially as other
nano-confined systems with a clear melting point depression, ∆T , that follows the Gibbs-
Thomson equation, ∆T ∝ γ/Rc where Rc is the core size and γ the surface tension. Here we
show by combining TR-SANS and calorimetry that there is a significant contribution from
crystallization that can be translated into an Eyring-like free energy of activation containing
both an enthalpic and entropic part.
The equilibrium structural properties of the micelles in dilute solutions have been re-
ported elsewhere.22 In short, spherical star-like micelles are formed where the aggregation
number increases from about 45 to 120 with increasing alkyl-length (see SI for details). To
investigate the chain exchange kinetics, two individually prepared solutions of deuterated
and proteated micelles in a H2O/D2O solvent mixture that matches the average contrast of
the two differently labeled polymers are mixed in a 1:1 ratio and the time evolution of the
scattered intensity, I(t), is measured (see Si for more detailed description and .examples of
TR-SANS curves) The extent of exchange can be expressed by a dimensionless relaxation
function R(t) given by:2,8,9
R(t) =
[
I(t)− I∞
I0 − I∞
]1/2
(1)
here I0 and I∞ is the scattered intensity of the initial state t = 0 just after mixing, and the
final state (t→∞) where all chains are equally redistributed among the micelles.2
As an example, Figure 1(a) shows the relaxation curves R(t) for C28−PEO5 micelles at
1% polymer volume fraction measured at different temperatures in a semi-logarithmic plot.
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Figure 1: (a) Relaxation function of chain exchange kinetics of C28−PEO5 micelles in aque-
ous solution (solid lines represent linear fit curves indicating a single-exponential time decay).
The inset displays the Arrhenius plot of the temperature dependence of τ . (b) Nano-DSC
thermograms of individual Cn−PEO5 micellar solutions as a function of n-alkyl chain size
in units of specific heat capacity (heating rate: 2 K/min). The inset shows the determined
enthalpy of fusion ∆Hfus as a function of the number of carbons n in the n-alkyl chain. The
vertical lines correspond from left to right to the melting point for bulk C21H44 to C30H62.
At all temperatures we found the single exponential decay expected for the monodisperse
n-alkyl block.11 Thus, it is clear that there is an uniquely defined potential barrier also
for crystallized cores. The inset of Figure 1(a) displays the temperature dependency of
the extracted characteristic time constant τ in an Arrhenius representation: ln τ vs. 1/T .
From this analysis, we obtain the activation energy, Ea, and the apparent fundamental time
constant, τ0, according to the Arrhenius equation:
τ = τ0 exp(Ea/RT ) (2)
Here τ0 on a thermodynamic level is a system specific constant and is related to the time
between each time the molecule ”attempts” to overcome the energetic barrier. Both values
Ea and τ0 are listed in Table 1 for the different Cn−PEO5 polymers.
In a previous work we reported, based on densitometry, SAXS and calorimetry, that the
spherical n-alkyl cores of the Cn−PEO5 micelles are partially crystalline.21,22 The melting
point of the confined hydrophobic tails, Tm, is shifted to lower temperatures compared to
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Table 1: Kinetic and thermodynamic properties of the Cn−PEO5 micelles
n T 0m
a Tm
b ∆Hfus
c ∆Sfus
d Ea
e τ0
f τ †0
g ∆Sex
h
[K] [K] [kJ/mol] [J/mol/K] [kJ/mol] [s] [10−9 s] [J/mol/K]
21 313 296 23 79 89 5.6× 10−16 3 50
24 323 312 35 112 124 2.4× 10−20 6 105
27 332 327 35 110 154 1.7× 10−24 9 191
28 334 329 40 121 160 8.5× 10−25 10 186
30 338 335 52 155 180 1.7× 10−27 14 207
a Melting point of pure n-alkanes; b Melting point n-alkyl in the micellar state (from DSC); c Enthalpy of
fusion (from DSC); d Calculated entropy of fusion; e Activation energies extracted from Arrhenius plots
(SANS); f Determined τ0 from Arrhenius plots (SANS);
g Estimated fundamental time constant τ †0
(MD-simulations); h Extracted conformational entropy.
pure n-alkanes (melting point depression) in bulk, T 0m. It is important to note that all
the kinetic experiments were carried out below the observed melting points (see Table 1)
since chain exchange becomes immeasurable fast for TR-SANS at temperatures above Tm.
The inset layer in Figure 1(b) shows the determined enthalpy of fusion ∆Hfus given by
∆Hfus =
∫
CpdT , as a function of n-alkyl carbon atoms n. Within experimental error, we
found that ∆Hfus increases linearly with n (see inset). This is also the case for the deduced
activation energies Ea shown in Figure 2(a), although at this point it should mentioned that
the range of n-alkanes is rather narrow such that a clear distinction between a ∼ n2/3 or
n1 scaling is difficult. Similar values of the activation energy were reported in ref.23 for
PEO polymers end-capped on both sides with shorter n-alkyl groups, e.g. for (n = 18):
Ea = 85 kJ/mol. In addition here the activation energies were found to scale linearly with n
for n ≤ 18.
Considering the melting of the partially crystalline core as an independent process, Ea
is considered as the sum of two contributions: i) enthalpy of fusion ∆Hfus and, ii) the
thermodynamic penalty arising from the creation of an additional surface area when the
hydrophobic block is expelled from the core, E0a. E
0
a = Ea −∆Hfus is shown in Figure 2(a)
(black squares). As mentioned above, the linear dependence suggests an elongated n-alkyl
chain conformation where the whole chain is accessible for the solvent molecules (β = 1). The
rather short chains thus do not have the conformational freedom to collapse to a compact
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Figure 2: (a) Plot of Ea (triangles) and Ea corrected by ∆Hfus (squares), respectively, vs.
number of carbon atoms in the n-alkyl chain n. The dashed and straight lines represent
linear regressions of the data: y = 10.3 x − 124 (dashed line) and y = 7.6 x − 91 (solid
line) with correlation coefficient R = 0.99 and R = 0.97. (b) Dependence of ln τ0 with n
demonstrating a significant contribution of a conformational entropy, ∆S ∼ n.
globular state. Hence the kinetics cannot follow the predicted power law with β = 2/3
in agreement with an earlier study on the molecular exchange in cylindrical and spherical
diblock copolymer micelles5 and low-molecular weight surfactant micelles.24
The τ0 values, which were extracted from the Arrhenius plots assume extremely small
values ranging from 10−27 s to 10−16 s which obviously cannot be attributed to a fundamental
time scale of diffusion (∼ ns) suggesting a strong entropic contribution. In order to take this
into account, we have to replace the activation energy Ea in Eq. (2) with the total activation
free energy in a manner analogous to the classical theory of Eyring for chemical reactions,
i.e. Ea → ∆H‡ − T ∆S‡.25 Then Eq. (2) becomes
τ = τ †0e
−∆S‡/R e∆H
‡/RT (3)
with ∆H‡ and ∆S‡ the enthalpy and the entropy change, respectively, for the transfer of the
hydrophobe from the core to the solvent rich micellar surface.24 R in Eq. (3) is the universal
gas constant. Within the present framework, it is clear that ∆H‡ = Ea = E0a + ∆Hfus
where ∆Hfus can be resolved by the DSC experiments. From Eq. (3) it is then becomes
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obvious that τ0 contains all entropic changes of the process. As demonstrated in Figure 2(b),
log τ0 ∝ ∆S‡ ∝ n, suggesting that the contribution may be due to conformational entropy
which naturally scales with n.26,27
The fundamental time constant τ0 = τ
†
0 exp[−∆S‡/R] can be intuitively understood as
the characteristic diffusion time over a typical distance corresponding to the contour length of
the chain (Lc ≈ (n− 1) · l0) such that τ †0 ∝ L2c/(6Dself) with Dself the self-diffusion constant
of the n-alkyl group in the core. Using self-diffusion coefficients reported in a computer
simulation study28 for a series of n-alkanes we obtain an τ †0 ≈ 3 - 14 ns which yields an
average ∆S‡ of the order of 130 J/K/mol to 360 J/K/mol. The change in entropy can be
assumed to consist of two terms: ∆S‡ = ∆Sfus + ∆Sex, where ∆Sfus is the entropy of fusion
and ∆Sex is an excess entropy. The former can be calculated from DSC measurements
according to ∆Sfus = ∆Hfus/Tm which yields values between 79 J/K/mol to 155 J/K/mol
for the lowest and highest n, respectively (see Table 1). It becomes clear from Figure 3
that ∆Sfus increases linearly with n as found for pure n-alkanes.
29 Comparing the values of
∆S‡ and ∆Sfus in Table 1, we see that there is an additional gain in entropy beyond what
is expected from the melting within the core. This is not surprising as it is likely that the
process provides an additional gain in entropy as the chain is able to adopt more possible
orientations in a dissolved state compared to the ”confined” state in the core.
The additional excess entropy ∆Sex scales, as seen in Figure 3, within experimental
uncertainties, almost linearly with n again suggesting an origin from conformational entropy.
We may postulate that the conformational degree of freedom within the micellar core is very
limited compared to the a free n-alkane chain in solution. The upper value for the entropic
gain can be estimated by considering the rotational isomeric state (RIS) model26 where the
individual bonds can be assumed to adapt three states: trans, gauche+ and gauche−. A
first and rather naive estimation can be obtained by assigning each conformation equally
weighted, i.e. Sconf ≈ (n − 2) · R ln 3. However, a more realistic estimate is obtained by
a full RIS calculation following an analytical formalism for the partition function for a
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Figure 3: Contributions to the experimentally determined conformational entropy, ∆S‡ and
the individual components, ∆Sfus and ∆Sex as a function of n-alkyl chain length. Com-
parison to theoretical considerations: a simple 3-state model (blue line), Florys’ RIS-model
n-alkanes (green line). The mismatch between ∆S‡ and ∆Sfus suggests that the confinement
imposed by the core restricts the conformational entropy of the n-alkane chains which is only
fully recovered by releasing the chain into the solution.
chain molecule.26 (see SI for detailed calculations). Since we know from the Nano-DSC
measurements that the n-alkyl chains within the micellar cores are in crystalline state with a
degree of crystallization of 50 to 80% depending on n. Crystallization requires a high degree
of all-trans conformation for the necessary effective chain packing. Hence it it is justified to
assume that the conformational entropy within the cores is approximately zero.
Calculating ∆Sconf, it is clear from Figure 3 that a relatively good correspondence with
the estimated values for ∆Sex is obtained. It should be mentioned that the expulsion rate
also is expected to depend on the diffusion coefficient through the micellar corona. However,
inclusion of this factor is likely to be a minor correction that will only slightly regulate the
absolute value of the entropy. This will be subject for investigations in a future work. It
should also be mentioned, that this work also suggests that there is a significant entropic
penalty associated with the chain insertion process of micelles. Although this is not ob-
served here, this might have significant implication to what time scale of the formation and
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rearrangement of crystalline micelles.
In conclusion, by performing TR-SANS and DSC experiments in combination with a
careful quantitative modeling on a systematic series of n-alkyl-PEOs we are able to unravel
the basic mechanism and thermodynamic contributions to the chain expulsion process. In
particular, we obtain a deeper understanding of the role of crystallinity on the dynamic be-
havior and stability of self-assembled systems, including drug -carriers. Although more work
is needed, e.eg to unravel the exact dynamic motion in a crystallised core , this work provides
essential insight which might be relevant also biological systems such as lipid membranes.30
Supplementary Information
Supporting Information available: synthesis, sample preparation, scattering experiments and
RIS calculations. This material is available free of charge via the Internet at http://pubs.acs.org.
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